Changes in slope of Arrhenius plots for transport can, in some instances, be detected at two different temperatures for cells that have a relatively simple fatty-acid composition in the membrane lipids. These characteristic temperatures correlate with the characteristic temperatures that define changes of state in membrane phospholipids as revealed by the paramagnetic resonance of the spin label TEMPO (2,2,6,6-tetramethylpiperidine-l-oxyl). The higher of these characteristic temperatures is that at which the formation of solid patches of membrane lipids is first detected. The lower is the end point of the course of lateral phase separations, at which all the membrane lipids are in a solid phase. For cells enriched for elaidic acid, the rate of transport increases by as much as 2-fold as the temperature is decreased by less than 10, at the higher characteristic temperature. At this characteristic temperature, lateral phase separations begin in the membrane phospholipids. This is also the temperature where one predicts a striking increase in the lateral compressibility of the membrane lipids. These data are thus interpreted to indicate that a component of the transport system vertically penetrates one or both monolayer faces of the membrane during transport, or that some other event involving the lateral compression of the phospholipids is important for transport.
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Essential fatty-acid auxotrophs of Escherichia coli are powerful tools that have been exploited to study the influence of lipid physical properties on the function and assembly of cellular membranes (1) (2) (3) (4) (5) (6) (7) . Arrhenius plots for transport have been shown to have a biphasic shape, and the characteristic temperature that defines the change in slope in these plots is exquisitely responsive to the physical characteristics of the essential fatty-acid supplement present during cellular growth. The characteristic temperatures reflect the melting characteristics of the essential fatty-acid supplement, e.g., the characteristic temperatures are in decreasing order when determined in cells grown in media supplemented with fatty acids that are trans-monoenoic, cis-monoenoic, and cis, cisdienoic (or cis, cis, cis-trienoic), (2) (3) (4) 6) . The first strong indications that the characteristic temperatures correspond to a change of state in the membrane lipids came from two independent studies: (1) The characteristic temperatures for two unrelated transport systems were identical for cells grown with a single essential fatty acid (2, 4 (11, 12) .
Finally, the temperature-composition phase diagrams for lateral phase separations of two-component pure lipid systems can be determined by use of spin-label techniques (13, 14) as well as calorimetric methods (15) . Freeze-fracture electron micrographs of binary phospholipid mixtures (16, 17) and biological membranes (18) (19) (20) sometimes show zones and/or "particle free" patches that may be due to lateral phase separations of the type considered here. It will clearly be of considerable interest to perform such studies on the E. coli membranes investigated in the present study.
MATERIALS AND METHODS
Growth and Properties of Bacterial Strains. Strain 30E,3ox-was used exclusively in the studies reported here. It is an unsaturated fatty-acid auxotroph of E. coli K12, defective in the /3-oxidation of fatty acids. The properties of the parent strain 30E have been described (21, 22) . Cells were cultured in a medium consisting of medium A (23) supplemented with 1% Difco casamino acids, 5 /ug/ml of thiamine HCl, 0.5% of the nonionic detergent Triton X-100 (Rohm and Haas), and 0.02% of an essential fatty acid. Elaidic (trans-9-octadecenoic), oleic (cis-9-octadecenoic), and linoleic (cis, cis-9,12-octadecadienoic) acids were purchased from the Hormel Institute, Austin, Minn. Cultures of 500 ml were grown with vigorous rotary agitation at 370 in 2-liter flasks. Before they were harvested, the cells were grown with the indicated essential fatty acid for at least five doublings of cell mass, and growth was followed turbidimetrically.
Strain 30Eflox-was isolated from the parent strain by the following procedure. Cells of strain 30E were grown in medium consisting of medium A (22) (4) . The remaining cells were collected by centrifugation and washed to remove detergent by suspension in medium containing no fatty acid or casamino acids. They were then converted to spheroplasts, lysed, and treated to resolve the "inner" (cytoplasmic) and "outer" membrane fractions (22, 26) . The sole modification in procedure was elimination of 2-mercaptoethanol since this compound can reduce nitroxides. The separation of inner and outer membranes was monitored by assay of appropriate enzyme markers, succinate dehydrogenase for inner membranes (27) and phospholipase A for outer membranes (28) . The inner membrane preparations used here contained a maximum of 15% outer membrane contamination. Protein was determined by the method of Lowry et al. (29) .
Extraction and Characterization of Lipids. Lipids were extracted from membranes with 2:1 chloroform-methanol as described (30 (25) for scintillation counting. The ratio of radioactivity collected in the center well to radioactivity in cellular' lipid was calculated from these data. tetramethylpiperidine-1-oxyl) to study lateral phase separations in lipid mixtures and in biological membranes is described in detail elsewhere (13, 14) . Chemical reduction of TEMPO was prevented by thorough washing of the membranes.
RESULTS
Arrhenius plots for 0-glucoside transport by cells grown in media supplemented with (A) linoleic, (B) oleic, and (C) elaidic acids are presented in Fig. 1 (2) and by Wilson and Fox (4) using the parent strain of that used here. In addition, there are in parts (A) and (C) clear upper characteristic temperatures. At the upper characteristic temperature in (C) there is a nearly 2-fold increase in transport rate where the temperature for transport assay is decreased by less than 10 (from 38.80 to 38.10). In an independent experiment identical to that described in Fig. 1C , a superimposable plot was obtained and the dramatic increase in transport rate with decreasing temperature was observed between 39.10 and 38.60. Combining these two experiments, it appears that there is a very sharp upward discontinuity in the plot for transport rate between 38.60 and 38.80. The curve in (C) assumes a parabolic appearance between 38.10 and 32.10, and as the transport assay temperature approaches 320, the activation energy of transport approaches zero. At about 320, there is an abrupt increase in the activation energy for transport. The greater detail revealed in Fig. 1C , over that revealed in Fig. 1A and B may be a consequence of lipid composition. The phospholipids of elaidate-grown cells approximate a binary mixture on the basis of fatty-acid composition (31) . Diglyceride analysis shows that the fatty-acid distribution in phospholipids derived from oleate-or linoleate-grown cells is far more complex. The sharp discontinuity observed for fl-glucoside transport between 380 and 390 in Fig. 1C is also a characteristic of f3-galactoside transport by cells grown in medium supplemented with elaidic acid (Fig. 2) . The plot for fl-galactoside transport reveals an intersect at about 320, but the departure from linear slope between 380 and 320 is less prominent than for f3-glucoside transport. Fig. 3 shows a plot of the TEMPO spectral parameter f against 1/T for the inner membranes obtained from the same batch of cells used to obtain the transport data in Fig. 1 . This parameter is measured directly from the observed spectra, and is approximately equal to the fraction of the molecules of TEMPO that is dissolved in the fluid hydrophobic region of the membrane (13, 14) . The logarithmic plots of f against 1/T for the inner membranes derived from 30ElBox-show in each case two well-defined breaks, defining the characteristic temperatures tj and th. These temperatures are compared with Proc. Nat. Acad. Sci. USA 70 (1978) those obtained from the glucoside transport in Table 3 (13, 14) . Fig. 4 shows a plot of the TEMPO spectral parameter f against 1/T for the phospholipids extracted from the inner membranes of 30E3ox-cells grown under the same conditions as those used to obtain the data in Fig. 3 for the inner membranes themselves. It will be seen that the temperatures th Based on a comparisoli of data such as those given in Figs. 3 and 4 with studies of pure binary mixtures (13, 14) , it is very likely that the teml)eratures th and tj do iii fact correspond to the onset and completion of lateral phase selpara- (38) . We believe that the enhanced bilayer permeations are also related to the enhanced lateral compressibility of these model membranes when the fluid and solid lipid phases are in equilibrium with one another.
